Anodic coatings with and without superfine Al 2 O 3 particles were prepared on AZ31 magnesium alloy by anodizing in an environmentally friendly alkaline solution. The microstructure and morphology of the coatings were analyzed using X-ray diffraction and scanning electron microscopy equipped with energy dispersive spectroscopy. The corrosion resistance of the uncoated AZ31 substrate and the anodic coatings was evaluated in 3.5% NaCl solution through potentiodynamic polarization tests. Friction and wear tests were performed to evaluate the wear resistance of the samples. The results show that the composite oxide coating has better corrosion resistance than the coating without Al 2 O 3 nanoparticles. The microhardness of the composite coating with reinforced Al 2 O 3 nanoparticles is up to 358 HV. When rubbed at 10 N load for 3 min during sliding against GCr15 at ambient temperature, the wear loss of the film was about 0.04 mm 3 , which is about one-tenth of that of the anodizing coating without nanoparticles. Therefore, the composite anodizing coating with Al 2 O 3 nanoparticles shows better anti-corrosion and anti-wear properties than the coating without Al 2 O 3 nanoparticles.
Introduction
Magnesium alloys are very promising structural materials owning to their excellent strength-to-weight ratio, low density, high thermal conductivity, high dimensional stability, good machinability and high recycling potential [1] [2] [3] [4] [5] . Nevertheless, the application of magnesium alloys remains limited due to their poor corrosion resistance and abrasion resistance. For a more extensive use of magnesium and its alloys in a variety of industrial fields, there need to be more concepts developed for magnesium alloys with special regard to mechanical and tribological properties, in addition to physical properties of the materials.
To improve the practical usage of magnesium alloys, many researchers attempted to develop coatings with high corrosion and wear resistance [6] [7] [8] [9] [10] [11] [12] . Anodic treatment is a widely used process for magnesium. It should be mentioned that the anodic layer usually consists of two parts, a pore-free and a porous ceramic oxide layer. The pore-free layer prevents corrosion, while the porous layer serves as a basis for painting or proofing [13] . Although anodizing coatings can serve a lot of purpose, the quest for improved properties such as higher hardness, lubricating, anti-wear properties, and corrosion resistance has led to the incorporation of many soft and hard particles in the matrix of the coating such as TiO 2 , ZrO 2 , Al 2 O 3 , SiC, PTFE and Silica [14] [15] [16] [17] [18] [19] . Chen et al. prepared anodized composite films containing superfine Al 2 O 3 and PTFE particles. Results indicated that the composite film with two kinds of particles has good wear-resistance and selflubricating properties [16] . According to Zeng et al. composite anodizing coatings consisting of SiC, TiO 2 and Al 2 O 3 powders on aluminum have high hardness and excellent corrosion resistance [17] . Liu et al. successfully fabricated hard-anodized coatings containing microPTFE particles on the surface of aluminum alloy by adding microPTFE particles into the traditional hard anodizing electrolyte [18] . Among these particles, Al 2 O 3 ceramic particle is quite attractive as it has very low electron conductance, which is ideal for protective coatings. To explore the effect of nano-Al 2 O 3 on properties of anodizing film formed on AZ31 magnesium alloy, coatings formed using electrolytes with and without Al 2 O 3 particle suspension were investigated.
Experimental

Materials and pre-treatment
Commercial available AZ31 magnesium alloy was used in this research. The dimensions of the specimens were 20 mm × 20 mm × 2 mm. The specimens were ground to 1200 grits using SiC sandpapers, Surface & Coatings Technology 236 (2013) [52] [53] [54] [55] [56] [57] ultrasonically cleaned with acetone and subsequently in distilled water and then dried in air.
Anodizing process
The environmentally friendly alkaline solution contains 5 g/L sodium hydroxide, 120 g/L Sodium silicate, 15 g/L phytic acid and 5 g/L ethylene diamine tetra acetic acid, 0.06 g/L polymeric surfactant with or without addition of 10 g/L Al 2 O 3 nanoparticles of 500 nm diameters. The AZ31 specimens were used as the anode. Two AISI 316 L panels were used as the cathode. The anodizing process was carried out at constant current density (15 mA/cm 2 ) and the temperature of the electrolytic solution was maintained at 30°C. The anodizing time was kept for 20 min.
In order to make the Al 2 O 3 nanoparticles fully dispersed in aqueous solution, a small amount of distilled water and surfactant (0.06 g/L) was added to the Al 2 O 3 (10 g/L) particles. The mixture was then subject to ultrasonic dispersion for 30 min. Subsequently, the mixture was added to anodic oxidation electrolyte, stirred by magnetic stirrer for 20 min to make Al 2 O 3 well drenched and dispersed in solution. During anodizing process, the bath solution was stirred by a magnetic stirrer in the container to maintain a uniform ion concentration, to disperse Al 2 O 3 nanoparticles and also to reduce localized heat building up. For comparison, a new electrolyte solution was used in each test.
Coating characterization
A JEOL JSM-6460LV scanning electron microscope (SEM) was employed for the observations of the surface morphology of the coatings and wear tracks. Qualitative analysis of film materials was achieved by EDS equipped in the SEM. The phase analyses of anodizing films were carried out by using BDX3300type X-ray diffraction (XRD). The hardness of the AZ31 substrate and anodizing coatings was evaluated using a HVS-1000 micro-hardness tester with a Vickers indenter at a load of 1.96 N and duration time of 15 s. The final micro-hardness value quoted was an average of 10 measurements.
The electrochemical tests in 3.5 wt.% NaCl solutions were carried out by using an EG&G model 273 potentiostat to investigate the corrosion property. Three electrode systems were applied: the working electrode exposed a surface area of approximately 1 cm 2 ; a saturated calomel electrode (SCE) and a platinum plate were used as reference electrode and auxiliary electrode, respectively. The polarization curves were obtained in separated scans. The tests were conducted after 10 min immersion in 3.5 wt.% NaCl solution at room-temperature. This time was needed to attain steady state of open circuit potential. The scanning rate is 0.5 mV/s.
The sliding wear behavior of the uncoated magnesium alloy and the coatings was studied using HSR-2M type high-speed reciprocating friction and wear tester at ambient air in laboratory. GCr15 steel balls with a diameter of 6.0 mm and hardness of 700 HV 0.2 were used as the friction partner for these tests. Tests were conducted with a normal load of 10 N, a test time of 3 min, a stroke of 10 mm and frequencies of 10 Hz. The friction coefficient was continuously recorded by the tester system and the wear volume was measured using a three-dimensional non-contact surface mapping profiler with height resolution of 0.1 nm (NanoMap 500LS). SEM was used to characterize the worn surface of the coatings and AZ31 substrate.
Results and discussion
3.1. Surface morphology and phase structure Fig. 1 shows the surface morphologies of the anodizing coating on AZ31 magnesium alloy with and without Al 2 O 3 nanoparticles. It can be seen that the surface morphologies of both coatings show similar feature with a number of micro-pores, dimples and some micro crack. There are many interconnecting pores on the surface of anodizing coating without Al 2 O 3 nanoparticles and the pores are not in all the same size (Fig. 1a) . However, the micropores are all small, round, and uniformly distributed on the composite coating surface with Al 2 O 3 nanoparticles. It is reported that micro-pores were formed by the molten oxide and gas bubbles thrown out of micro-arc discharge channels [20, 21] . According to the experimental observation, spark discharge becomes smaller and more even during composite anodizing. This may be resulting in a higher number of smaller and even pores after cooling of the discharge channels. Fig. 2 (a) shows the composite anodizing coating with 10 g/L Al 2 O 3 at increased magnification. Some small particles disperse on the surface or in the holes can be seen. EDS analysis of the components of the particle in Fig. 2 (a) was shown in Fig. 2 because the content of Al in AZ31 substrate is only 3 wt.%. The analyzed particle size is larger than 500 nm, which may be resulted in the aggregation of nanoparticles. Results indicate that the added Al 2 O 3 particles could be adsorbed on the surface of the films, or surged into micropores during anodizing.
Cross-sectional SEM images of the anodic oxide coatings with and without Al 2 O 3 particles are shown in Fig. 3 . The anode oxide coating can be divided into a porous outer layer and dense inner layer. Because the sample is directly break off, a wide gap appeared between the coatings and magnesium matrix for the existing of stress and some inner layer material may be dislodged during preparation of the cross-section. No matter if Al 2 O 3 particles were added or not, SEM images of the cross-sections of the coatings disclose that the coatings contain relatively large voids and the thickness of the anodic oxides is not homogeneous. Large irregular and interconnected holes are the main characteristic of the particle-free anodizing coating. In contrast, the pores are all round and fine in the cross-sections of composite coating with Al 2 O 3 particles. Round hole is less likely to cause stress concentration and therefore is beneficial to mechanical performance of the coating. The thickness of the oxide film produced in nanoparticle free solution (15-17 μm estimated from the micrographs) is a little thinner than the oxide films containing Al 2 O 3 particles (16-20 μm) . This is consistent with the result of the literature [22] . In the cross-section of composite anodizing coating, many Al 2 O 3 particles occupy the pores and embedded in the coating which proved that the added Al 2 O 3 particles could be trapped in coatings and surged into micro pores by the action of magnetic stirring. The incorporation of Al 2 O 3 particles into the oxide layer may be caused by its high negative potential in alkaline solution.
XRD pattern of the composite anodizing coating is shown in Fig. 4 . The XRD pattern indicates that the composite anodizing coating is mainly composed of MgO, Mg 2 SiO 4 and Al 2 O 3 phases. Little Al 2 O 3 peak was detected in the films possibly because of its very low content.
Corrosion resistance of anodizing coatings
The corrosion resistance of the anodizing coatings was evaluated by potentiodynamic polarization. Fig. 5 shows the potentiodynamic polarization of bare AZ31 substrate, anodizing coating and composite anodizing coating with Al 2 O 3 nanoparticles. Corrosion potential (E corr ) and corrosion current density (i corr ) derived from these curves are summed in Table 1 . As can be seen from the figure, the decrease in corrosion current and increase in corrosion potential are observed for the samples coated with oxide films relative to uncoated magnesium sample. These indicate that corrosion resistance of AZ31 magnesium alloy had been improved obviously by anodizing treatment. In contrast with anodizing coating without Al 2 O 3 nanoparticles, composite anodizing coating shows higher E corr and lower i corr , which could be attributed to the uniform structure, smaller pores and thicker films as well as its relatively stable chemical thermodynamic composition. These results demonstrate that the composite anodizing coating provides better corrosion protection for AZ31 magnesium alloy than the normal anodizing coating. Fig. 6 shows the hardness of AZ31 substrate and anodizing coating with and without Al 2 O 3 particles. It can be seen that the hardness of the AZ31 magnesium is improved after anodizing. It is worth mentioning that the hardness of oxidation coating increases dramatically after adding Al 2 O 3 particles into the deposit. It was found that the particles could fill the pores or be embedded in the anodizing coatings, consequently increasing the hardness of coatings [23] . The microhardness of composite coating with reinforced Al 2 O 3 particles is up to 358 HV. The high hardness can be attributed to the following two reasons: firstly, the formation of ceramic coating, which is confirmed by XRD result, is beneficial to the improvement of hardness. Secondly, this is due to the Al 2 O 3 nanoparticles surged into the micro-pores or dispersion distributed into the oxidation coating which strengthen the anodizing film matrix (Fig. 2a) . Fig. 7 shows the relationship between the testing time and friction coefficients of various samples under dry conditions. There exist running in and steady wear period in the wear process of uncoated AZ31 and anodizing coating without Al 2 O 3 nanoparticles while there has a steady wear period only in the wear process of composite anodizing coating with Al 2 O 3 nanoparticles. At the same time, the addition of nano-particles to electrolyte led to reduction of friction coefficient. The friction coefficient of composite coating is relatively lower and more stable than what has been reported in literature [24, 25] for anodizing coatings. This may be caused by "rolling effect" made by Al 2 O 3 nanoparticles on the surface of oxide coating. Spherical nanoparticles change sliding into rolling, which reduce friction, making the friction coefficient becomes more stable. The friction coefficient of anodizing coating without Al 2 O 3 nanoparticles has large fluctuation maybe for the damage of coating. In contrast to the uncoated AZ31 magnesium alloy, the anodizing coatings show slightly lower friction coefficient. This can be attributed to their higher load-bearing capacity for high hardness.
Hardness and wear behavior at ambient air
The SEM micrographs of wear tracks for samples (10 N load) at ambient air are shown in Fig. 8 . It can be seen that the wear tracks of AZ31 magnesium alloy are deeper and wider than those of the anodizing coating under the same wear condition. There are wide grooves and ploughs paralleling to the sliding direction with some randomly distributed particles on the worn surface of AZ31 magnesium alloy, which indicates that evident severe wear occurred. The presence of grooves and ploughs indicates the micro-cutting and micro-ploughing effect of the counter face. According to [26, 27] , the metallographic characteristic of the worn surfaces represents typical abrasive wear (Fig. 8 c) . For the anodizing coating without Al 2 O 3 particles (Fig. 8 b) , the width of wear track becomes narrower than the uncoated AZ31 magnesium alloy for higher hardness and higher load-bearing capacity. But there is still broad wear track. Relatively slight grooves and ploughs on the worn surface are discerned. From the picture in Fig. 8 b, it can be seen that the oxide coating was worn off completely. Compared with the two former, there is very slight friction occurred on the top surface of the composite anodizing coating with Al 2 O 3 nanoparticles (Fig. 8a) and the wear track was too slight to be noticeable. The rest parts of composite coating keep very well. The wear track of composite coating is much narrower and shallower. The wear of the composite coating with Al 2 O 3 particles was remarkably suppressed in comparison to the untreated or the oxide coating without Al 2 O 3 particles. This may be due to the composite coating that has high hardness and the nano-Al 2 O 3 particles are apt to roll when sliding, which causes the scratches in the worn surface of the composite coating. These results demonstrates that the composite coating significantly improves the anti-wear properties of AZ31 magnesium alloy. EDS results (Table. 2) on the wear track indicated that the wear surface of AZ31 and anodizing coating without Al 2 O 3 particles is mainly consist of Mg, which indicates that the particle-free anodizing coating has been worn out. While under the same wear condition, the wear track of the composite coating mainly contains Mg, Al, O, Si, Na and Fe (Fig. 7b) . The Mg, Al, O, Si, and Na elements on the exposed layer indicate that the coating has been well kept. The iron is derived from the GCr15 steel ball loaded on the coated specimen. The finding indicates that the wear occurs on the steel ball instead of the composite anodizing coating. These results suggest that the composite coating could provide better protection than the anodizing coating without Al 2 O 3 particles under the given wear condition.
For comparison, the wear volume calculated from the crosssection profiles of the wear track is illustrated in Fig. 9 . The wear loss of two anodizing coating is all less than that of AZ31 substrate. The wear volume loss of the composite coating with Al 2 O 3 particles is about 0.04 mm 3 when rubbed 3 min at 10 N load at ambient air, which is one-tenth that of the anodizing samples without added particles. This demonstrates that composite coating significantly improves the anti-wear properties of AZ31 magnesium alloy and these results are then in good agreement with the appearances of the wear tracks as shown in Fig. 8 . Based on the above results, the reasons for the excellent wear resistance of the composite coating with superfine Al 2 O 3 particles were discussed as follows. Firstly, the hardness of the composite anodizing coating is relatively high due to the presence of Mg 2 SiO 4 ceramic phase and Al 2 O 3 particles in the coating. As predicted by the Archard's equation [28] , the higher the coating hardness is, the lower the wear loss will be obtained. The hardness of obtained composite coating on AZ31 magnesium alloy is measured to be 358 HV, which is much higher than that of the uncoated AZ31 (68 HV) and particle-free anodizing coating (132 HV). This is also evidenced in Fig. 8 , where the composite coating only showed slight wear on the top surface (Fig. 8a) , whereas AZ31 Mg alloy and anodizing coating without nanoparticles exhibited severe wear, as characterized by deep ploughs resulting from abrasives. Secondly, the excellent wear resistance of the composite coating depends on its compact microstructure [29, 30] . From Fig. 1(b) , it can be seen that the micropores are all small, round, and uniformly distributed on the composite coating surface, and Al 2 O 3 nanoparticles are uniformly distributed in the composite coating (Fig. 2a) . Under the normal loads, the deformation of coating matrix was hindered. Therefore, the hardness of the coatings was significantly increased. Stress concentration on the coating matrix was minimized with the dispersed nanoparticles in the contact region, which consequently protected the coating matrix in the interfacial regions from mechanical failure. In the friction process, the nanoparticles embedded in the composite coating are exposed gradually in the contact surface and play a load-bearing role, which inhibited the expansion and peeling of the adhesion areas and strengthened the adhesive wear resistance [31] [32] [33] . Finally, rolling effect of Al 2 O 3 hard particles between the friction partner is another reason for the excellent wear resistance of composite anodizing coating. For the composite coating, a three-body contact condition was induced by the additional nanoparticles between the contact surfaces, which is evidenced by the EDS results. As shown in Table. 2, Al element (which is from nano-Al 2 O 3 ) can be observed in the wear region. According to [34] [35] [36] , the movement pattern of the particles, e.g. sliding or rolling, plays an important role in the wear performance of the system. The particles roll within the contact interface, resulting in low friction and wear [36] . As shown in Fig. 7 , the friction coefficient of composite coating is lower than that of the uncoated AZ31 and anodizing coating without Al 2 O 3 . The friction reduction for composite coating is mainly caused by the rolling effect due to the presence of nanoparticles.
Conclusions
(1) A composite anodizing coating containing superfine Al 2 O 3 particles on AZ31 magnesium alloy was prepared in an environmentally friendly solution. The added Al 2 O 3 particles could be adsorbed on the surface of the films, embedded in the coating and surged into micropores during anodizing. particles can effectively improve the wear resistance of anodizing coating on AZ31 magnesium alloy. Improved tribological performance of the composite anodizing coating can be attributed to the higher hardness, compact microstructure of the composite coating and "rolling effect" of Al 2 O 3 nanoparticles. Such high-performance composite anodizing coating could be the attractive advanced material for a wide range of automobile application especially the parts service under severe environment.
